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Abstract The chiropteran fauna of Madagascar com-
prises eight of the 19 recognized families of bats,
including the endemic Myzopodidae. While recent
systematic studies of Malagasy bats have contributed
to our understanding of the morphological and genetic
diversity of the island’s fauna, little is known about
their cytosystematics. Here we investigate karyotypic
relationships among four species, representing four
families of Chiroptera endemic to the Malagasy
region using cross-species chromosome painting with
painting probes of Myotis myotis: Myzopodidae
(Myzopoda aurita, 2n=26), Molossidae (Mormopte-
rus jugularis, 2n=48), Miniopteridae (Miniopterus
griveaudi, 2n=46), and Vespertilionidae (Myotis
goudoti, 2n=44). This study represents the first time
a member of the family Myzopodidae has been
investigated using chromosome painting. Painting
probes of M. myotis were used to delimit 29, 24, 23,
and 22 homologous chromosomal segments in the
genomes of M. aurita, M. jugularis, M. griveaudi, and
M. goudoti, respectively. Comparison of GTG-banded
homologous chromosomes/chromosomal segments
among the four species revealed the genome of M.
aurita has been structured through 14 fusions of
chromosomes and chromosomal segments of M.
myotis chromosomes leading to a karyotype consist-
Chromosome Research (2010) 18:635–653
DOI 10.1007/s10577-010-9139-6
Responsible Editor: Yoichi Matsuda.
L. R. Richards (*) : J. M. Lamb :M. C. Schoeman
School of Biological and Conservation Sciences,
University of KwaZulu-Natal,
Westville Campus,
Durban 4001, South Africa
e-mail: leighrrich@gmail.com
R. V. Rambau (*)
DST-NRF Center of Excellence for Invasion Biology and
Evolutionary Genomics Group, Department of Botany and
Zoology, University of Stellenbosch,
Private Bag X1, Matieland,
Stellenbosch 7602, South Africa
e-mail: rvr2@sun.ac.za
P. J. Taylor
Durban Natural Science Museum,
P.O. Box 4085, Durban 4000, South Africa
P. J. Taylor
School of Environmental Sciences, University of Venda,
Private Bag X5050,
Thohoyandou 0950, South Africa
F. Yang
The Wellcome Trust Sanger Institute, Wellcome Trust
Genome Campus,
Hinxton, Cambridge CB10 1SA, UK
S. M. Goodman
Department of Zoology, Field Museum of Natural History,
1400 S Lake Shore Drive,




ing solely of bi-armed chromosomes. In addition,
chromosome painting revealed a novel X-autosome
translocation in M. aurita. Comparison of our results
with published chromosome maps provided further
evidence for karyotypic conservatism within the genera
Mormopterus, Miniopterus, and Myotis. Mapping of
chromosomal rearrangements onto a molecular con-
sensus phylogeny revealed ancestral syntenies shared
between Myzopoda and other bat species of the
infraorders Pteropodiformes and Vespertilioniformes.
Our study provides further evidence for the involve-
ment of Robertsonian (Rb) translocations and fusions/
fissions in chromosomal evolution within Chiroptera.
Keywords Chiroptera . Madagascar .Myzopoda .
chromosome painting . karyotypic evolution
Abbreviations
CBG-banding C-banding by treatment with
barium hydroxide
GTG-banding G-banding by trypsin digestion








Zoo-FISH Zoo-fluorescence in situ
hybridization
Introduction
Madagascar is home to eight of the 19 recognized
chiropteran families (Simmons 2005, Miniopteridae
sensu Miller-Butterworth et al. 2007), of which two
belong to the suborder Pteropodiformes (Pteropodidae
and Hipposideridae) and six to the suborder Vesperti-
lioniformes (Emballonuridae, Miniopteridae, Molossi-
dae, Myzopodidae, Nycteridae, and Vespertilionidae).
Until a decade ago, the systematics and biogeograph-
ical affinities of the Malagasy bat fauna remained
poorly known (Peterson et al. 1995; Eger and Mitchell
1996, 2003). Recent biological surveys and systematic
studies utilizing morphometric and/or molecular
sequencing techniques have further refined our
knowledge of the evolutionary relationships among
bats; consequently the number of Malagasy Chiroptera
has increased from 28 species and 19 genera (Eger and
Mitchell 2003) to 42 species belonging to 22 genera,
representing a species-level endemism of approximately
70% (S. M. Goodman, unpublished data).
Of these endemics, the family Myzopodidae
(represented by Myzopoda aurita and Myzopoda
schliemanni), is the most enigmatic with regard to
its phylogenetic position, which has fluctuated among
three currently recognized superfamilies: Vespertilio-
noidea (Koopman 1994; Eick et al. 2005), Emballo-
nuroidea (Van Den Bussche et al. 2003), and
Noctilionoidea (Teeling et al. 2005; Miller-
Butterworth et al. 2007). Cladistic analyses of
morphological data place Myzopoda either basal to
the Nataloidea (sensu Simmons 1998) and Vesperti-
lionoidea (Smith 1976), within the Nataloidea
(Simmons and Geisler 1998), or within the Vesperti-
lionoidea (Koopman 1994). In contrast, molecular
studies, using a concatenation of three mitochondrial
(12S rRNA, tRNAval, 16S rRNA; Van Den Bussche
and Hoofer 2001) and/or two nuclear (RAG2 and
dentin matrix protein 1, Hoofer et al. 2003; Van Den
Bussche et al. 2003) genes are congruent in placing
the Myzopodidae as the most ancestral family within
the Vespertilioniformes, sister to Emballonuridae. In
addition, using only RAG2 sequence data, Van Den
Bussche et al. (2003) retrieved an alternate topology
positioning Myzopoda within the Emballonuridae.
Further molecular analyses, based on nuclear markers
(PRCK1, SPTBN, STAT5A, THY), position Myzo-
poda within the Vespertilionoidea (Eick et al. 2005).
More recently, analyses of 17 introns from nuclear
genes placed Myzopoda as the most basal member of
the largely Neotropical superfamily Noctilionoidea,
with the closest sister family being the New Zealand
Mystacinidae (Teeling et al. 2005, Miller-Butterworth
et al. 2007). Following the phylogenetic hypothesis of
Teeling et al. (2005) and Miller-Butterworth et al.
(2007), Myzopoda originated from a Neotropical
noctilionid ancestor that dispersed to Madagascar
from South America during the early Eocene. This
scenario is in stark contrast to recent phylogeographic
studies on Malagasy bats which demonstrate coloni-
zation from Africa across the Mozambique Channel
(Russell et al. 2008; Ratrimomanarivo et al. 2007,
2008) or from Asia (Lamb et al. 2008; O’Brien et al.
2009).
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In addition to morphological and molecular data,
chromosomal data has contributed significantly to our
understanding of evolutionary relationships within
and among chiropteran families. Comparative cyto-
genetic analyses have revealed that chromosome
evolution in bats is largely conservative (Baker and
Bickham 1980). For example, 65 of the 99 karyolog-
ically examined members of the Molossidae share a
karyotype of 48 chromosomes (Sreepada et al. 2008).
This karyotypic conservatism is also observed at the
generic level, as in Myotis taxa where species
typically exhibit diploid numbers of 2n=44 (Baker
and Patton 1967; Bickham 1979a, b; Bickham et al.
1986). Intergeneric variation in diploid number of
bats is usually mediated by Robertsonian (Rb) trans-
locations and is characterized by centric fusions or
fissions of whole chromosomal arms (Baker and
Bickham 1980). While G-banding allows for easy
identification of Rb rearrangements between species
and/or genera of the same family, the use of Zoo-
fluorescence in situ hybridization (Zoo-FISH) in com-
bination with GTG-banding provides more detailed
comparisons between taxa (Wienberg and Stanyon
1997; Ferguson-Smith and Trifonov 2007).
To date, 24 species representing nine of the 19
global chiropteran families have been studied using
cross-species chromosome painting (Volleth et al.
1999, 2002; Pieczarka et al. 2005; Ao et al. 2006,
2007; Mao et al. 2007, 2008). With the exception of
Volleth et al. (2002), none of these studies have
included representative species from Madagascar.
Hence, the cytosystematics of Malagasy bats relative
to those from other regions of the world is largely
unknown. Herein we present genome-wide compara-
tive chromosomal maps of four species of Malagasy
bats generated using Myotis myotis flow-sorted
chromosomes. These species represent four families:
Myzopodidae (M. aurita), Molossidae (Mormopterus
jugularis), Vespertilionidae (Myotis goudoti), and
Miniopteridae (Miniopterus griveaudi); of these, the
first three are endemic to Madagascar while the last
occurs on Madagascar and the Comoros (Weyeneth et
al. 2008; Goodman et al. 2009a).
The karyotype of each of these species is presented
here for the first time and compared with those of
other species from the same families and/or super-
families. We have now increased the taxon sampling
in chromosome painting studies of the Chiroptera to
10 of the 19 recognized chiropteran families. Our aim
was twofold. Firstly, we investigated karyotypic
evolution among four Malagasy chiropteran families
relative to other bat species, using GTG-banding and
chromosome painting based on M. myotis painting
probes. Secondly, we test recent molecular-based
hypotheses regarding the phylogenetic placement of
M. aurita by mapping chromosomal rearrangements
identified from published chromosomal maps of
representatives of the superfamilies Vespertilionoidea
(Volleth et al. 2002; Ao et al. 2006; Mao et al. 2008;
this study), Emballonuroidea (Mao et al. 2008), and
Noctilionoidea (Volleth et al. 1999) onto a molecular-
based phylogeny (Teeling et al. 2005; Miller-
Butterworth et al. 2007). This consensus phylogeny
revealed wide-scale homoplasies between the Myzo-
podidae and several bat families. Our results provide
further insights into the karyotypic evolution of two
superfamilies of bats (Noctilionoidea and Vespertilio-
noidea) and support previous studies suggesting the
involvement of Robertsonian fusions in the chromo-
some evolution of Chiroptera. Furthermore, we
describe a novel X-autosome translocation identified




The four species examined in this study were captured
from natural habitats in eastern and western Mada-
gascar using mist nets and harp traps (see Table 1).
Specimens were identified using external morpholog-
ical characters (e.g., tragus shape in the case of
Miniopterus, Goodman et al. 2009a, b), and thereafter
euthanized according to ethical guidelines of the
American Society of Mammalogists (Gannon et al.
2007) and with the approval of the Animal Ethics
Committee of the University of KwaZulu-Natal,
Westville Campus, South Africa. Voucher specimens,
identified by SMG, were deposited in the Field
Museum of Natural History, Chicago.
Chromosome preparation and GTG- and CBG-
banding
Metaphase spreads were harvested either from bone
marrow preparations following Baker and Qumsiyeh
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(1988), or from fibroblast cell cultures established from
tail- and wing-membrane explants using standard
cytogenetic protocols. GTG-banding was obtained
following Seabright (1971) with slight modifications.
Metaphase chromosome slides were digested in a
0.025% trypsin solution for 10–30 s, followed by two
rinses in fetal calf serum buffer (500 µl FCS in 50 ml
phosphate buffer), and then stained with a 10% Giemsa
solution for 4–5 min. CBG-banding was carried out
using the method of Sumner (1972), wherein slides
were initially treated with a 0.2 M HCl solution for
3 min and then incubated in a 5% Ba(OH)2 solution at
55°C for 1–2 min. Following this, slides were incubated
for 30–45 min in a 2× SSC solution at 55°C and stained
for 5–8 min using a 10% Giemsa solution.
Zoo-FISH
In order to detect regions of homology among
chromosomes of the four species analyzed in this
investigation, we used the complete suite of M. myotis
whole chromosome painting probes (21 whole chro-
mosome painting probes representing 21 M. myotis
(MMY) autosomes and the X chromosome, Ao et al.
2006). Flow-sorted MMY probes have been success-
fully used in past chromosome painting studies of the
families Molossidae, Vespertilionidae, and Miniopter-
idae (see Ao et al. 2006 and Mao et al. 2008).
Chromosome-specific painting probes were produced
using degenerate oligonucleotide PCR (DOP-PCR,
Telenius et al. 1992) of flow-sorted chromosomes of
M. myotis as previously described (Ao et al. 2006).
Myotis probes were labeled with biotin-16-dUTP or
digoxigenin-11-dUTP (Roche Molecular Chemicals)
by a secondary DOP-PCR amplification. Probe DNA
was precipitated overnight at −80°C in a mixture
comprising 6–8 µl DOP-PCR product, 6 µl salmon
sperm DNA, 6 µl mouse Cot 1 DNA (in the case of
M. aurita), 4 µl Na Acetate (3 M), and 100% ethanol.
The precipitated probe mixture was centrifuged for
30 min, washed with 70% ethanol (at 4°C), pelleted,
and air dried. Probes were dissolved in 15 µl
hybridization buffer (50% deionized formamide,
10% dextran sulfate, 0.5 M phosphate buffer pH7.3,
1× Denhardt’s solution). Probes were denatured for
10 min at 72°C and pre-annealed by incubation for
25–30 min at 37°C. Metaphase spreads were
denatured at 65–67°C in 70% formamide/2× SSC
for 1 min, rinsed in ice-cold 70% ethanol to halt the
denaturation process, and finally dehydrated in an
ethanol series and air dried. Pre-annealed probes
were applied onto slides and allowed to hybridize at
37°C for 72 h. Biotin-labeled Myotis probes were
detected using Cy3-labeled streptavidin (1:500 dilu-
Table 1 Bat species investigated in this study
Scientific name and
abbreviation
Locality GPS coordinates Number and
sex












































1♀ 44 50 FMNH (SMG 16191)
FMNH Field Museum of Natural History, Chicago, SMG field collection number of Steven M. Goodman in cases when final catalog
numbers in the FMNH have yet to be assigned
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tion, Amersham) and Dig-labeled probes were
detected with anti-dig FITC (1:500 dilution, Amer-
sham). Post-hybridization washes of slides included
two washes in 50% formamide/2× SSC, two rinses in
2× SSC, and a wash in 4× SSC/0.1% Tween 20 at
42.5°C. This was followed by three 5 min washes in
4× SSC/0.1% Tween 20 at 37°C, after which slides
were counterstained with 4-,6-diamidino-2-phenyl-
indole (DAPI) for 10 min and mounted with an
antifade reagent (Vectashield, Vector Laboratories).
Image capture and data processing
FISH images were captured using the Genus System
version 3.7 (Applied Imaging Corp., Newcastle, UK)
with a CCD camera mounted on an Olympus BX 60
epifluorescence microscope (Fig. 1). Hybridization
signals were assigned to specific chromosomes or
chromosomal segments as identified using enhanced
DAPI-banding patterns resembling GTG-banding
patterns.
Chromosome nomenclature and terminology
The karyotype of M. goudoti was arranged following
the numbering convention of Bickham (1979a), where
the chromosomal arms rather than individual chro-
mosomes were numbered. The GTG-banded karyo-
type of M. jugularis was arranged following the
numbering scheme for Mormopterus planiceps by
Volleth et al. (2002), where bi-armed chromosomes
are numbered first. Chromosomes of M. griveaudi
were arranged according to the chromosomal com-
plement of Miniopterus fuliginosus published by Ao
et al. (2006), while the M. aurita karyotype was
arranged according to relative chromosome size, from
largest to smallest.
Phylogenomic comparisons using chromosomal
characters
In order to interpret our results in the context of other
bat species, we compared our data with the published
chromosome map data of an additional 14 species
(Volleth et al. 1999, 2002; Ao et al. 2006, 2007; Mao
et al. 2007, 2008; Table 2). We used the chromosome
complement of M. myotis as a reference to delimit
syntenic associations (Table 3), which were compiled
using previously published chromosome painting data
presented in Ao et al. (2007, Table 1) and Mao et al.
(2007, Table 2; 2008, Table 2). Further, following the
precedent in Ao et al. (2006) and Mao et al. (2007), we
use Myotis altarium as a substitute for M. myotis, as
the two species have identical karyotypes (Ao et al.
2006). Identified syntenic associations/disruptions
were scored as present or absent in binary format. A
total of 79 characters, including 73 fusion events and
six MMY chromosome fissions were scored from 18
chiropteran taxa (Table 3). We mapped these characters
onto relevant lineages of a nuclear DNA sequence-
based phylogeny of higher level chiropteran systemat-
ics (Teeling et al. 2005; Miller-Butterworth et al.
2007). This allowed us to plot the polarity of
karyotypic evolution among the various bat families
unambiguously and to identify sympleisiomorphic and
synapomorphic chromosomal rearrangements associat-
ed with the karyotypic evolution of Myzopoda.
Results
Karyotype analysis
(a) M. aurita: This is the first description of the
karyotype of M. aurita, and has a diploid number
of 2n=26 (NFa=48, Fig. 2a). All autosomes are
bi-armed; these consist of one large submetacen-
tric (pair 1), six metacentrics (pairs 2, 6, 7, 8, 9,
and 11), and five submetacentric chromosomes
(pairs 3, 4, 5, 10, and 12). The X chromosome is
submetacentric. CBG-banding analysis revealed
the presence of heterochromatin located within
the centromeric and telomeric regions of all
autosomes (Fig. 2a). Interstitial heterochromatic
blocks were detected in six autosomes (pairs 2–6
and 9) and on the proximal portion of the short
arm of the X chromosome.
(b) M. jugularis: This species has a karyotype with a
diploid number of 2n=48 (NFa=54). The chro-
mosomal complement comprises a large meta-
centric (pair 1), three smaller metacentrics (pairs
2–4), 19 acrocentric autosomes (pairs 5–23), a
submetacentric X, and a small metacentric Y
chromosome (Fig. 2b). Heterochromatin was
also detected in the terminal segments of the
four metacentric chromosomes (data not shown)
and interstitial regions in four acrocentric pairs
(5, 6, 7, and 8).
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Fig. 1 Examples of FISH results employing MMY probes
indicated by cy3 (red) and FITC (green) signals on partial
metaphase spreads of Myzopoda aurita, Myotis goudoti,
Miniopterus griveaudi, and Mormopterus jugularis which were
counterstained using DAPI (blue). White arrows indicate
hybridization signals on chromosomal regions/arms. a
MMY24 and MMY25 hybridized to separate chromosomal
arms of MAU4. b MMY1/2 hybridization to MAU1q and
MAU8 (q arm and proximal portion of the p arm) indicating
fission of MMY1/2 and hybridization of MMY20 to MAU1p
and the proximal portion of MAU1q. Thus MAU1 is a product
of a fusion event between MMY20 and MMY1/2. c Hybrid-
ization of MMY21 and MMY X to the X chromosome of M.
aurita. Therefore the X of M. aurita is a composite chromo-
some formed as result of a sex-autosome translocation. d
Chromosome painting of MMY8 on M. goudoti chromosome
8 representing the high degree of homology between Myotis
myotis (2n=44) and M. goudoti (2n=44). The asterisk indicates
background hybridization on the X chromosome of M. goudoti.
e Conservation of MMY1/2 and MMY X on M. griveaudi
chromosomes 1 and X, respectively. f Hybridization of
MMY14 and 15 to M. jugularis chromosomes 12 and 13,
respectively
640 L.R. Richards et al.
(c) M. griveaudi: The karyotype of M. griveaudi has
a diploid number of 2n=46 (NFa=50, Fig. 3a). It
comprises two large metacentrics (pairs 1 and 2),
one medium metacentric (pair 7), 19 acrocentric
autosomes (pairs 3–6 and 8–22), and a submeta-
centric X. Heterochromatic staining (C-banding)
revealed the presence of heterochromatin local-
ized within the centromeric regions of all
chromosomes (data not shown).
(d) M. goudoti: The karyotypes of both individuals
of this species have a diploid number of 2n=44
(NFa=50) and comprise three large metacentrics
(pairs 1/2, 3/4, and 5/6), one small metacentric
(pair 16/17), and 16 acrocentric autosomes (pairs
7–15 and 18–25; Fig. 3b). The X chromosome is
a submetacentric, while the Y chromosome is a
small acrocentric. Heterochromatin was present
only in the centromeric regions of chromosomes,
with the exception of chromosomes 7 and 8,
which contained segments of interstitial hetero-
chromatin below the centromere (C-banding data
not shown).
Chromosome painting in four Malagasy bats species
Chromosome-specific MMY painting probes
delimited 29 homologous chromosomal segments in
the genome of M. aurita (Table 4 and Fig. 2a). Three
MMY probes (MMY 3/4, 12, 13) were retained on
single chromosomes corresponding to pairs MAU2,
11, and 12, respectively. Five chromosome pairs of M.
aurita corresponded to two probes of M. myotis:
MAU3 bore homology to MMY10 and 6; MAU6
corresponded to MMY9 and 11; MAU7 hybridized
with MMY5 and 14; MAU9 corresponded to
MMY18 and 23; and the X chromosome hybridized
with MMY X and MMY21 (determined by differen-
tial DAPI-banding patterns used to discriminate
between MMY16/17 and MMY21). Four MMY
probes each hybridized to two separate Myzopoda
autosomes: MAU8 and 1q hybridized with MMY1/2;
MAU4p (dist) and 10q corresponded to MMY7;
MAU4q (prox) and 5q (prox) were painted with
MMY8; and MAU4p and 10q hybridized with
MMY22. Furthermore, autosome 4 hybridized
Table 2 Chiropteran species used in the mapping analysis
Family Species and abbreviation 2n Painting probe Reference
Pteropodidae Eonycteris spelea (ESP) 36 HSA Volleth et al. (2002)
Rousettus leschenaulti (RLE) 36 AST Mao et al. (2007)
Rhinolophidae Rhinolophus pearsoni pearsoni (RPE) 44 AST Mao et al. (2007)
Rhinolophus sinicus (RSI) 36 AST Mao et al. (2007)
Hipposideridae Asellicus stoliczkanus (AST) 30 MMY, HSA Ao et al. (2007),
Mao et al. (2007)
Hipposideros larvatus (HLA) 32 AST, MMY, HSA Ao et al. (2007),
Mao et al. (2007),
Volleth et al. (2002)
Megadermatidae Megaderma spasma (MSP) 38 HSA Mao et al. (2008)
Emballonuridae Taphozous melanopogon (TME) 42 HSA Mao et al. (2008)
Phyllostomidae Glossophaga soricina (GSO) 32 HSA Volleth et al. (1999)
Myzopodidae Myzopoda aurita (MAU) 26 MMY This study
Molossidae Mormopterus jugularis (MJU) 48 HSA, MMY Volleth et al. (2002);
This study
Mormopterus planiceps (MPL) 48 HSA Volleth et al. (2002)
Tadarida teniotis (TTE) 48 MMY Mao et al. (2008)
Miniopteridae Miniopterus fuliginosus (MFE) 46 MMY Ao et al. (2006)
Miniopterus griveaudi (MGR) 46 MMY This study
Vespertilionidae Myotis altarium (MAL) 44 MMY Ao et al. (2006)
Myotis goudoti (MGO) 44 MMY This study
Myotis myotis (MMY) 44 HSA Volleth et al. (2002)
Species include seven representatives of the Pteropodiformes and 11 representatives of the Vespertilioniformes
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Table 3 Data matrix of 79 chromosomal characters (syntenic associations of homologous chromosomes/chromosomal segments of
Myotis myotis) mapped onto the consensus sequence-based tree (Teeling et al. 2005; Miller-Butterworth et al. 2007)
No. Character ESP RLE AST HLA RPE RSI MSP TME GSO MAU MAL MGO MMY MFI MGR MJU MPL TTE
1 1/2 0 0 0 0 0 0 0 0 1 0 1 1 1 1 1 1 1 1
2 1/3 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0
3 1/6 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0
4 1/11 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0
5 1/14 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
6 1/16/17 0 0 1 0 1 0 0 0 0 1 0 0 0 0 0 0 0 0
7 1/18 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0
8 2/6 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0
9 2/9 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0
10 2/20 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0
11 2/25 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
12 3/4 0 0 0 0 0 0 0 0 0 1 1 1 1 0 0 0 0 0
13 3/7 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0
14 3/9 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
15 3/11 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0
16 3/13 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0
17 3/15 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0
18 3/18 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0
19 4/5 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0
20 4/6 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0
21 4/8 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0
22 4/14 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0
23 4/18 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0
24 4/19 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
25 5/6 0 0 1 0 0 0 0 0 0 0 1 1 1 1 1 0 0 0
26 5/8 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0
27 5/10 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0
28 5/14 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0
29 5/23 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0
30 6/10 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0
31 6/11 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
32 6/13 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0
33 6/15 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0
34 7/9 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
35 7/10 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0
36 7/15 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
37 7/18 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0
38 7/19 0 0 1 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0
39 7/21 0 0 0 1 0 0 0 0 1 0 0 0 0 0 0 0 0 0
40 7/22 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0
41 7/25 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0
42 7/8/12/15 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0
43 7/8/22/
24/25
0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0
44 8/10 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0
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with three additional MMY probes (22, 24, and
25; Table 4 and Fig. 2a), whereas MAU5 hybrid-
ized with a further two whole chromosome probes
(MMY15 and 19; Table 4, Fig. 2a). A total of 14
fusions were detected in the karyotype of M. aurita.
In contrast, the 21 M. myotis probes (including
the X) were retained on 24 chromosomes in M.
jugularis (Table 4, Fig. 2b). Twenty-one M. myotis
probes were retained on single intact chromosomes
in the genome of M. griveaudi, highlighting 23
regions of homology between M. myotis and M.
griveaudi (Table 4, Fig. 3a). Furthermore, all 21 M.
myotis probes and the X chromosome were retained
on single intact chromosomes in the genome of M.
goudoti, corresponding to 22 regions of homology
between the two Myotis species (Table 4, Fig. 3b).
Thus, the hybridization patterns among karyotypes
of M. goudoti, M. griveaudi, and M. jugularis are
Table 3 (continued)
No. Character ESP RLE AST HLA RPE RSI MSP TME GSO MAU MAL MGO MMY MFI MGR MJU MPL TTE
45 8/11 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0
46 8/12 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0
47 8/14 0 0 1 1 0 0 0 0 1 0 0 0 0 0 0 0 0 0
48 8/15/19 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0
49 8/24 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
50 9/11 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0
51 9/15 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0
52 9/19 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0
53 10/12 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0
54 10/18 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0
55 10/24 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0
56 11/16/17 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0
57 11/20 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
58 12/14 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0
59 12/16/17 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0
60 12/25 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0
61 13/14 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0
62 13/15 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0
63 13/23 1 1 1 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0
64 15/21 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0
65 16/17/24 1 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0
66 18/21 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
67 18/23 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0
68 19/20 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0
69 20/22 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0
70 20/25 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0
71 21/22 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
72 21/25 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0
73 21/X 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0
74 Fi 7 1 1 1 1 1 1 1 1 1 1 0 0 0 0 0 0 0 0
75 Fi 8 0 0 1 1 1 1 1 0 0 1 0 0 0 0 0 0 0 0
76 Fi 10 0 0 0 0 1 1 1 1 0 0 0 0 0 0 0 0 0 0
77 Fi 12 0 0 0 1 1 1 1 1 0 0 0 0 0 0 0 0 0 0
78 Fi 20 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0
79 Fi 22 0 0 0 0 1 1 0 0 0 1 0 0 0 0 0 0 0 0
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identical for all except three M. myotis probes:
MMY1/2, 3/4, and 5/6 were retained on individual
chromosomes in M. goudoti (2n=44); MMY1/2 and
MMY5/6 (but not MMY3/4) were retained on
individual chromosomes in M. griveaudi (2n=46);
and MMY1/2 (but not MMY3/4 or MMY5/6) is
retained on a single chromosome in M. jugularis
(2n=48).
The conserved HSA syntenies homologous to M.
myotis chromosomes, established by Volleth et al.
(2002), are provided in Table 4. The following HSA
syntenies or evolutionary conserved units, considered
to be synapomorphies supporting chiropteran mono-
phyly sensu Volleth et al. (2002), were observed in
the genomes of Myzopoda, Mormopterus, Miniopte-
rus, and Myotis: 14a/15a/14b/15b homologous to
MAU8p and 8q (prox), MJU1p, MGR1p MGO1/2p;
1a/6b homologous to MAU2p, MJU6, MGR8,
MGO3; 4a/10b corresponding to MAU1q, MJU1q,
MGR1q, MGO2; 4b/19b presumed to be homologous
to chromosomal segments of MAU4p, MJU2,
MGR4prox, MGO7prox; and 11b/22b/12b found on
MAU9p, MJU21, MGR20, MGO2.
Genome-wide chromosomal correspondence
between Myzopoda and the Molossidae,
Miniopteridae, and Vespertilionidae
By integrating our chromosome painting and GTG-
banding data, we established a genome-wide compar-
ative map detailing the level of genome conservation
among the four species investigated in this study
(Fig. 4). Chromosomes of each species were arranged
according to the chromosome complement of M.
Table 4 Chromosomal correspondence among Myotis myotis (MMY), Myzopoda aurita (MAU), Mormopterus jugularis (MJU),
Miniopterus griveaudi (MGR), and Myotis goudoti (MGO) as revealed by cross-species chromosome painting with MMY whole
chromosome painting probes
MMY probe MAU MJU MGR MGO HSA
1/2 8q and 8p (prox) + 1q 1 1 1/2 14a/15a/14b/15b + 4a/10b
3/4 2 6+8 8+6 3/4 1a/6b + 3a/21
5/6 7q + 3q 7+9 2 5/6 13a/4c/8b/13b + 12a/22a
7 4p (dist) + 10q 2 4 7 4b/19b+5b
8 4q (prox) + 5q (prox) 5 3 8 5a/7c + 16b
9 6q 11 5 9 6a
10 3p 3 9 10 18 + 20
11 6p 10 10 11 2a
12 11 4 7 12 7a/7b
13 12 14 12 13 11a
14 7p 12 11 14 9
15 5q (dist) 13 13 15 2b
16/17 8p (dist) 19 18 16/17 19a/16/19a
18 9q 16 14 18 10a
19 5p 17 15 19 3b
20 1p + 1q (prox) 15 19 20 8a
21 Xp (dist) 18 16 21 17
22 4p + 10p 20 17 22 1b
23 9p 21 20 23 11b/22b/12b
24 4p (prox) 23 21 24 15c
25 4q (dist) 22 22 25 1c
X Xq X X X X
The last column provides the homology and evolutionary conserved syntenic associations of Homo sapiens (HSA) chromosomal
segments in Malagasy Chiroptera following Volleth et al. (2002)
p short arm, q long arm, prox proximal portion of chromosome arm, dist distal portion of chromosome arm
l correspondence among Myotis myotis
(MMY), Myzopoda aurita (MAU), Morm pterus jugularis
(MJU), Miniopterus g iveaudi (MGR), and Myotis goudoti
(MGO) as revealed by cross-species chromo ome p inting with
MMY whole chromosome painting robes
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aurita in order to contrast the highly rearranged bi-
armed karyotype of Myzopoda with those of other
Malagasy chiropteran families with high diploid
numbers (2n=48–44). Seven of the twelve bi-armed
chromosomes of Myzopoda corresponded to two
autosomal arms in Mormopterus, Miniopterus, and
Myotis (Fig. 4). Most of the bi-armed chromosomes
of M. aurita were the product of Rb fusions of two
homologous acrocentric autosomes in Mormopterus,
Miniopterus, and Myotis, as was the case for MAU6
and MAU9. Monobrachial homologies (two bi-armed
chromosomes with a single homologous autosomal
Fig. 2 The G-banded karyotype of a Myzopoda aurita (2n=
26) with the C-banded homologue on the left side of each
chromosomal pair and b Mormopterus jugularis according to
Volleth et al. (2002). Chromosome numbers are given below
each chromosomal pair. The vertical lines indicate chromosome
painting results obtained using Myotis myotis probes, and the
numbers adjacent to the lines represent M. myotis probes
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arm in common) included: MAU1 homologous to
MJU1q and 15, MGR1q and 19, MGO1/2q and 20;
MAU3 homologous to MGR2q and 9, MGO5/6q and
10; and MAU7 homologous to MGR2p and 11,
MGO 5/6p and 14. Two whole chromosomes were
shared in toto between M. aurita and the other
genera: MAU11 homologous to MJU4, MGR7, and
MGO12 and MAU12 homologous to MJU14,
Fig. 3 G-banded karyotypes of a Myotis goudoti with
chromosomes arranged according to the scheme proposed by
Bickham (1979a) and b Miniopterus griveaudi with chromo-
somes arranged from largest to smallest according to Ao et al.
(2006). Vertical lines indicate the extent of hybridization sites
produced by Myotis myotis painting probes, which are
represented by numbers adjacent to the lines
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MGR12, and MGO13. In addition, MAU2 was
homologous to MGO3/4, a bi-armed chromosome
not present in Mormopterus and Miniopterus. Chro-
mosome painting revealed that MAU4 corresponds to
the fusion of five separate autosomes/autosomal
segments of Mormopterus, Miniopterus, and Myotis,
whereas the fusion of three autosome/autosomal
segments was necessary to derive MAU5 (Fig. 4).
Our GTG-banded comparative map indicates that
tandem fusions could be involved in the formation of
MAU4 and 5 (Fig. 4).
Phylogenomic analysis of chromosomal
rearrangements
We investigated karyotypic evolution in Myzopoda
relative to other chiropteran families by mapping the
79 chromosomal characters (Table 3) onto the
relevant lineages of the consensus molecular phylo-
genetic tree (modified from Teeling et al. 2005;
Miller-Butterworth et al. 2007, Fig. 5), which places
Myzopoda within the Noctilionoidea (Fig. 5). Of the
79 chromosomal characters included in the data
matrix (Table 3), 50 were phylogenetic uninformative
(autapomorphic characters). Six autapomorphies
(unique Rb fusions) were found in the karyotype of
M. aurita (characters 10, 30, 40, 43, 48, and 73;
Table 3). A further 18 characters were found to be
possible homoplasies (Fig. 5). We retrieved a single
synapomorphy (character 50, centric fusion of MMY9
and 11) uniting Myzopoda with Glossophaga, a
representative of the Noctilionoidea. Myzopoda
shared the homoplastic character 74 (fission of
MMY7) with Glossophaga, Taphozous (an emballo-
nurid), and the members of the Pteropodiformes
represented in the consensus phylogenetic tree. Other
characters common to Myzopoda and some or all of
the Pteropodiformes represented in Fig. 5 included
characters 6 (fusion of MMY 1 and 16/17), 28 (fusion
of MMY5 and 14), 75 (fission of MMY8), and 79
(fission of MMY22). Only three syntenies were
shared between Myzopoda and members of the
Vespertilioniformes: character 12 (MMY3/4, shared
with Myotis), character 50 (fusion of MMY9 and 11,
Fig. 4 Genome-wide chromosomal correspondence among G-
banded chromosomes of Myzopoda aurita (MAU), Mormopte-
rus jugularis (MJU), Miniopterus griveaudi (MGR), and Myotis
goudoti (MGO), with M. aurita as the reference species. The
homologies were directed by chromosome painting analyses
using Myotis myotis chromosome-specific painting probes.
Asterisks indicate areas where homology has been retained
even though the banding patterns are not identical
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shared with Glossophaga), and 67 (fusion of MMY
18 and 23, shared with Taphozous).
Discussion
We presented data on genome-wide chromosomal
correspondence between M. myotis and representative
species of four bat families from Madagascar,
including the endemic Myzopodidae. We used
genome-wide comparative maps of the species M.
aurita, M. jugularis, M. griveaudi, and M. goudoti to
illustrate the chromosomal rearrangements that lead to
the karyotypic differentiation of the four bat families
occurring on Madagascar. By comparing our maps
with published comparative chromosome maps of
other bat species (Volleth et al. 1999, 2002; Ao et al.
2007; Mao et al. 2007, 2008), we demonstrated
karyotypic conservatism present within the genera,
Miniopterus, Mormopterus, and Myotis such that
Malagasy species were identical or near identical to
congeners from other continents. We also identified
several sympleisiomorphic characters associated with
the karyotype evolution of M. aurita.
Karyotypic conservatism within the genera
Mormopterus, Miniopterus, and Myotis
Comparison of our results with published data
revealed a high degree of karyotypic conservatism
within and among three genera of bats occurring on
Madagascar: Mormopterus, Miniopterus, and Myotis.
For example, the GTG-banding patterns of chromo-
somes of M. jugularis are identical to those of the
Australian species M. planiceps (Volleth et al. (2002).
The karyotype of M. jugularis was also similar to that
of M. planiceps as neither displayed the metacentric
state of MMY6 (homologous to MJU9) as found in
Fig. 5 Karyotypic relationships and genome phylogeny of ten
chiropteran families. Seventy-nine chromosomal rearrange-
ments were mapped a posteriori onto a consensus molecular
phylogenetic tree modified from Teeling et al. (2005) and
Miller-Butterworth et al. (2007). Numbers on branches refer to
chromosomal characters described in Table 3 and asterisks
indicate homoplasious characters
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Tadarida teniotis (Mao et al. 2008). Karyotype
conservatism is a particular feature of the Molossidae,
as 65 of the 99 karyologically examined members of
this family display a karyotype of 2n=48 and differ
only in fundamental number (Sreepada et al. 2008).
The GTG-banded karyotype of M. goudoti was
indistinguishable from that of M. myotis (Volleth et
al. 2002) and the Asiatic M. altarium (Mao et al.
2007). This level of karyotypic conservatism contrasts
with molecular dating estimates based on mitochon-
drial DNA divergence between M. goudoti and M.
myotis, which indicate that the two species last shared
a common ancestor 11.39±1.5 MYA (Stadelmann et
al. 2004). Karyotypic conservatism was also observed
within Miniopterus, with the karyotype of M. gri-
veaudi identical to that of M. fuliginosus (Ao et al.
2007). This is despite a 15.3% cyt b sequence
divergence separating the two species (Goodman et
al. 2009b). The same holds true for Miniopterus
aelleni and Miniopterus gleni, which occur in
sympatry with M. griveaudi within numerous cave
roosts in Madagascar (Goodman et al. 2009a, b). Both
M. aelleni and M. gleni carry an identical diploid and
fundamental number to that of M. griveaudi (2n=46,
NFa=50; Richards et al. unpublished), yet are
distinguished from M. griveaudi by cyt b genetic
distances of 9.9% and 10.5%, respectively (Goodman
et al. 2009b).
Phylogenomic relationships between Myzopoda
and other chiropteran families
The diploid number of 2n=26 makes M. aurita one of
the few bat species with a diploid number lower than
30. Other species with low diploid numbers include
pteropodids (Balionycteris maculata (2n=24), Yong
and Dhaliwal 1976; Megaerops niphanae (2n=26),
Hood et al. 1988); emballonurids (Saccopteryx can-
escens (2n=24), Hood and Baker 1986), and vesperti-
lionids (Lasionycteris noctivagans (2n=20), Baker and
Patton 1967; Glauconycteris beatrix (2n=22), Volleth
and Heller 2007), with the lowest recorded diploid
number belonging to Vampyressa melissa (2n=14,
Gardner 1977). Our side-by-side GTG-band compari-
son indicates that the genome of M. aurita has been
formed through 14 fusions, leading to a karyotype
consisting solely of bi-armed chromosomes. Chromo-
some painting revealed two complex rearrangements
involving fusion (centric and tandem) of three or more
MMY chromosomal segments, which include charac-
ters 43 (fusion of MMY7/8/22/24/25, Table 3) and 48
(fusion of MMY8/15/19, Table 3). Similar complex
rearrangements/fusions have only been documented in
Megaderma spasma (2n=38, Mao et al. 2008). The
mapped molecular tree (Fig. 5) showed that very few
of the bi-armed chromosomes of Myzopoda were
shared between species of other families. The only
exceptions were MAU2 (homologous to MMY3/4),
also present in Myotis, and MAU6 (Rb fusion of
MMY9 and 11), common to Glossophaga soricina
chromosome pair 2/18 (Volleth et al. 1999). The
consensus phylogeny of Teeling et al. (2005) and
Miller-Butterworth et al. (2007) shows character 50 as
a synapomorphic feature uniting M. aurita with G.
soricina (Fig. 5). This chromosome is present in a
further four phyllostomid genera (Baker and Bass
1979). Increased taxon sampling of representatives
from the families Mystacinidae, Thyropteridae, Fur-
ipteridae, and Phyllostomidae in further chromosome
painting studies is necessary to confirm this as a
synapomorphic feature of the superfamily. Our map-
ping approach failed to provide further unequivocal
evidence for the placement of Myzopoda with Glosso-
phaga in the superfamily Noctilionoidea.
In common with the findings of Mao et al. (2008),
our consensus phylogeny demonstrated the predomi-
nance of homoplasies/convergence in chromosomal
evolution of the various bat families investigated. The
syntenic disruption of MMY7 was present in all the
representatives of the Pteropodiformes as well as in
Myzopoda, other species of the infraorder Vespertilio-
niformes (i.e., Taphozous melapogon and G. soricina)
and humans (Volleth et al. 2002). This suggests that
this character may have been a feature of the ancestral
Eutherian karyotype. The disruption of MMY8 was
considered to be confined to the Pteropodiformes and
was previously suggested by Volleth et al. (2002) and
Ao et al. (2007) to represent a synapomorphy uniting
the Rhinolophidae and Hipposideridae (Rhinolophoi-
dea). Mao et al. (2008) considered it a homoplastic
character, as it has been detected in both the
Megadermatidae and humans, and now in Myzopoda
(this study). Other characters shared between Myzo-
poda and the Pteropodiformes included character 6,
character 28, and character 79. That chromosomal
evolution in Myzopoda has, in part, been character-
ized by the retention of sympleisiomorphic characters
(e.g., character 74) lends support to the consideration
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of the family as one of the more primitive members of
the Vespertilioniformes (Van Den Bussche and Hoofer
2001; Hoofer et al. 2003; Van Den Bussche et al.
2003).
Karyotypic evolution within Noctilionoidea
and Vespertilionoidea
Comparison of M. myotis probe-based chromosome
painting results from the four Malagasy bat species
with previously published comparative chromosome
maps of representatives of the Noctilionoidea (Volleth
et al. 1999) and the Vespertilionoidea (Volleth et al.
2002; Ao et al. 2006; Mao et al. 2008; this study)
provided further insights into chromosomal evolution
within these two superfamilies. The phylogeny of
Miller-Butterworth et al. (2007) identified Myzopoda
as a basal member of the Noctilionoidea and Natalus
(2n=36, Baker and Jordan 1970, Kerridge and Baker
1978) as the most ancestral genus of the Vespertilio-
noidea. Molecular sequence-based dating placed the
divergence between the two superfamilies at approx-
imately 55 MYA (Miller-Butterworth et al. 2007).
This divergence was typically associated with the
retention of character 74 (fission of MMY7) within
the Noctilionoidea lineage.
Although chromosome painting revealed that seg-
ments of MMY7 were contained within MAU4 and
MAU10, cross-species painting using human chro-
mosome probes is necessary to determine more
precisely which chromosomal segments are associated
with each M. aurita autosome. Two separate inserts of
MMY7 may also be found on chromosomes 6/7 and 1
in G. soricina (Volleth et al. 1999, Table 4 in Mao et
al. 2008). GTG-banding studies of several phyllosto-
mid bats, the most derived family within the Nocti-
lionoidea, revealed that chromosomes 6/7 and 1 are
also present in the karyotypes of the genera Brachy-
phylla, Erophylla, Monophyllus, and Phyllonycteris
(Baker and Bass 1979). GTG-banded chromosomes/
chromosomal arms homologous to GSO6/7 and 1
were also identified in the karyotype of Noctilio
albiventris (Patton and Baker 1978), a representative
of the Noctilionidae. This suggests that the fission
state of MMY7 may be a feature in the karyotypes of
genera/families belonging to Noctilionoidea. In gen-
eral, chromosomal evolution within the Noctilionoi-
dea appears to be characterized by a series of centric
(Rb) fissions leading from a bi-armed karyotype with
a low diploid number (2n=26) in Myzopoda, to
predominantly medium diploid numbers in Mystacina
(2n=36, Bickham et al. 1980), Thyroptera (2n=36,
Baker et al. 1981), Furiptera (2n=34, Baker et al.
1981), Noctilio (2n=34, Baker and Jordan 1970), and
the Phyllostomidae (2n=32, Volleth et al. 1999).
The fusion of MMY7 is considered the single
unambiguous synapomorphy uniting the Natalidae,
Molossidae, Miniopteridae, and Vespertilionidae
(superfamily Vespertilionoidea) (see Volleth et al.
2002; Mao et al. 2008, this study). This autosome is
in a metacentric state in M. jugularis and is
acrocentric in M. griveaudi and M. goudoti (see
Fig. 4). That Mormopterus is an older lineage in the
Vespertilionoidea, having diverged from Miniopterus
and Myotis 54–43 MYA (Miller-Butterworth et al.
2007), and bearing a karyotype similar to that of
Natalus (Volleth et al. 2002), suggests that the
ancestral condition of MMY7 in this superfamily
was bi-armed. The divergence of the Miniopteridae
from the Molossidae was accompanied by the Rb
fusion of MJU7 and 9 (character 25, Table 3),
producing the large metacentric chromosomal pair in
M. griveaudi (MGR2; homologous to MMY5/6), and
two pericentric inversions involving MGR4 and 9
(see also Ao et al. 2006). The lineages bearing Myotis
and Miniopterus split between 49 and 38 MYA
(Miller-Butterworth et al. 2007), with Myotis differ-
entiated from Miniopterus by the centric fusion of
MGR6 and 8 (leading to the metacentric MMY3/4
which corresponds to MGO3/4), and a pericentric
inversion on MGO12 (homologous to MMY12).
X-autosome translocation
In addition to autosome fusions, Myotis painting
probes detected an autosome-sex chromosome trans-
location involving MMY21 (corresponding to the
distal portion of the short arms of the X chromosome
in M. aurita) and MMY X, which corresponds to
MAU Xq. While X-autosome translocations are
common in New World phyllostomid genera such as
Artibeus, Carollia and Chaeroniscus (Hsu et al. 1968;
Tucker and Bickham 1989), only two cases have been
reported in Old World species belonging to the
Vespertilionidae. These include Glischropus tylophus
(2n=30/31, Volleth and Yong 1987) from Malaysia
and G. beatrix (2n=22/23, Volleth and Heller 2007)
from central Africa. Hence, the X-A translocation in
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Myzopoda represents the third known occurrence in
an Old World species. However, as only two females
were investigated, we can only predict males of this
species to have a diploid number of 2n=27.
A C-positive intercalary heterochromatic block
(IHB) was detected above the centromere in the short
arm of the X-A translocated chromosome of M. aurita
(Fig. 2a). Such IHBs are also present in X chromo-
somes of G. tylophus (Volleth and Yong 1987) and
Carollia brevicauda (Parish et al. 2002). X-A trans-
locations pose two problems in effective meiotic
pairing (Dobigny et al. 2004). The first results from
the difference in replication times of the autosomal
(early-replication) and gonosomal (late-replication)
segments (Sharp et al. 2002). Second, X-inactivation
(Lyon 1968), important in the maintenance of
balanced X-linked gene expression between males
and females, cannot be transferred to the translocated
autosome (Dobigny et al. 2004). Silencing of autoso-
mal genes could result in zygotic abnormalities and
subsequent death (Sharp et al. 2002). Studies into the
composition of such IHBs in X-A translocated
chromosomes (e.g., Parish et al. 2002, Dobigny et
al. 2004) revealed them to be composed largely of 5S
and 28S rDNA clusters and highly-amplified telo-
meric repeats. The heterochromatic block separates
the early-replicating autosomal and late-replicating
gonosomal segments, preventing the transmission of
the X-inactivation signal from the sex genes to those
of the translocated autosome (Volleth and Yong 1987,
Sharp et al. 2002, Dobigny et al. 2004). Further,
fluorescent in situ hybridization studies using telo-
meric and ribosomal probes may confirm the presence
of telomeric repeats and rDNA sequences within the
IHB of the X chromosome in M. aurita.
Conclusions
In this study, we used comparative chromosome
painting to investigate karyotypic evolution of four
genera of bats occurring in the Malagasy region. By
doing so, we increased the taxon sampling in chromo-
some painting studies of the Chiroptera to 10 of the 19
recognized chiropteran families. Chromosomal evolu-
tion in bats is largely driven by Rb fusions (Baker and
Bickham 1980, Ao et al. 2006, 2007, Mao et al. 2007,
2008) and bats from the Malagasy region are not the
exception to this rule as they appear to exhibit this
default rearrangement. In this study, we identified 14
Robertsonian fusions separating M. aurita from three
species (all of which also differ by several fusions).
While the majority of these fusions and the syntenic
associations that were described in this study are
largely autapomorphic or homoplastic (see also Mao
et al. 2008), we are able to demonstrate the evolution-
ary association of Malagasy bats to other extralimital
species. For instance, our data indicates that the
placement of Myzopoda within the Noctilionoidea is
supported by a single synapomorphy, as found by other
datasets (Teeling et al. 2005, Miller-Butterworth et al.
2007). Chromosome painting data from representatives
of the families Furipteridae, Mormoopidae, Mystacini-
dae, Noctilionidae, and Thyropteridae are required to
fully understand the phylogenomic relationships within
the Noctilionoidea. Further, we also describe an X-
autosome translocation which has previously only been
described in the families Phyllostomidae and Vesperti-
lionidae. Additional cytogenetic work on Myzopoda
using satellite repeat probes would allow us to
determine the role of neocentromeres in genome
evolution of Chiroptera.
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